Mesoporous niobium-doped titanium dioxide films from the assembly of crystalline nanoparticles: study on the relationship between the band structure, conductivity and charge storage mechanism † The charge storage mechanism of nanostructured intercalation materials such as anatase (TiO 2 ) is still a matter of intense research, because it provides the basis for designing electrochemical energy storage and conversion materials. In this work, we addressed the relationship between conductivity and the charge storage mechanism exemplified with nanostructured Nb-doped TiO 2 . Nanoparticles of Nbdoped TiO 2 were prepared by a novel two-step solvothermal process based on tert-amyl alcohol as the solvent. Several state-of-the-art techniques, including X-ray diffraction along with Rietveld refinement and Raman and X-ray photoelectron spectroscopy, were used to analyze the phase composition, the chemical oxidation state and the structure after doping with different niobium contents. Mesoporous Nb-doped TiO 2 films with uniform pore sizes of 15 to 18 nm were produced by dip-coating employing these nanoparticles as building blocks. It is found that 5 at% Nb-doped TiO 2 exhibits the highest conductivity. The analysis of the peak currents in the cyclic voltammetry of the mesoporous films
indicates that the pseudocapacitive current contribution varies with the conductivity in the same trend. This correlation can be described qualitatively by the changes in the space charge layer at the interface with varying carrier concentration. Such a finding implies that doping not only affects the charge storage in the bulk due to changes of kinetic parameters including the chemical diffusion coefficient and electronic conductivity, but also influences the surface-related storage mechanism of a given nanostructured material. These results further provide a valuable insight in searching for and designing materials applied in pseudocapacitors.
Introduction
Titanium dioxide in the anatase structure has been widely studied as a promising anode material for both lithium-ion batteries and sodium-ion batteries. [1] [2] [3] [4] [5] [6] [7] Recently, much attention has been paid to the charge storage mechanism. [8] [9] [10] [11] [12] [13] It is generally acknowledged that Li + ions can reversibly be inserted into anatase inducing a structural phase transition accompanied with the formation of a lithium-poor tetragonal phase (Li 0.05 TiO 2 , SG I4 1 /amd) and a lithium-rich orthorhombic phase (Li 0.5 TiO 2 , SG Imma). 14 This transition is regarded as the main mechanism for the charge storage in anatase. As the crystallite size of anatase is decreased to less than 10 nm, the contribution of the interfacial faradaic processes to the charge storage of cations, known as the pseudocapacitive effect, 15, 16 signicantly increases. 12 In this context, Dunn et al. have reported that the pseudocapacitive contribution can reach up to 55% for the crystallite size of 7 nm.
12
As summarized in Fig. 1 , different mechanisms of electrochemical charge storage are discussed to be relevant in nanosized metal oxides: aside from the intercalation process, different surface-related storage mechanisms have to be distinguished, which contribute to capacitive charge storage, namely faradaic ("pseudocapacitive") and non-faradaic ("double layer capacitive") effects. The pseudocapacitive charge storage is a matter of high importance and the study has been conducted on many intercalation materials such as Nb 2 O 5 , MoO 3 , and TiS 2 .
17-20 Brezesinski et al. compared the pseudocapacitive charge storage of anatase-based electrodes possessing different nanostructured morphologies, including ordered porous and nonporous lms prepared by dip-coating of TiO 2 nanoparticles and molecular TiO 2 precursors as building blocks along with amphiphilic block copolymers as structuring agents. 10 The obtained results indicated that a high specic surface area in combination with mesoporosity signicantly enhances the pseudocapacitive contribution. 10 In particular, the investigators evidenced that a mesoporous thin lm based on preformed nanoparticles presents an advantageous morphology in order to study the pseudocapacitive effect and the inuence of surfaces on electrochemical charge storage in general. 21 Additionally, Augustyn et al. studied the importance of crystallinity on the pseudocapacitive behaviour of Nb 2 O 5 , showing that the pseudocapacitive charge storage of Li + ions preferentially occurs in the crystalline phase. 22 In the past ten years, numerous parameters, including size effects, morphology effects and crystallinity on pseudocapacity have been studied in detail.
In spite of such recent achievements, certain important issues have not been understood until now. Major goals are the elucidation of the difference between interfacial charge storage and bulk reactions and nally to optimize the two parts for practical applications. The work of Shin et al. showed that an increase in the Li rate capability can be accomplished by endowing TiO 2 with a higher intrinsic conductivity, which was achieved by partial reduction with H 2 .
3 Investigators have proved that the rate capacity can be enhanced by increasing the conductivity from the kinetic standpoint. For nanomaterials, such studies thus pointed to the importance of understanding the relationship between conductivity and pseudocapacity, which represents the main topic of our study. As reported previously, the pseudocapacitive charge storage is related to the electrochemical potential of Li, which is dependent on the grain size or the surface structure of active materials. 16 Therefore the pseudocapacitive charge storage signicantly increases for materials with small grain size and high crystallinity. 16 The correlation between conductivity and (pseudocapacitive) charge storage is of substantial fundamental importance, addressing the interplay between a thermodynamic process on the surface (electrochemical potential of Li) and charge transport (conductivity). In essence, by experimentally determining the relationship between the conductivity on charge storage parameters, valuable insights into pseudocapacitive charge storage can be expected.
To address this important issue, in the present study Nbdoped TiO 2 (Nb:TiO 2 ) was employed to study the impact of conductivity on pseudocapacitive charge storage. As reported previously, the conductivity of Nb:TiO 2 can be tuned by different doping concentrations, while the intercalation reaction remains unaltered. 4, 5, 23 As mentioned above, mesoporous lms possess a suitable morphology for the investigation of interfacial charge storage, as the connected pores can alleviate the concentration polarization process to some extent by providing a mass transport path and an easy access to surface redox sites.
21,24,25 Wang et al. reported the synthesis of mesoporous Nb:TiO 2 based on a sol-gel approach. 4 However, the relatively small specic surface area, the imprecisely controlled crystallinity and crystallite size are main drawbacks for constructing mesoporous lms by this procedure. 2 with an Nb content of 25 at% by using a continuous hydrothermal ow synthesis reactor using a supercritical water ow as a reagent, and the pseudocapacitive charge storage in the nanoparticles takes up by 65%. 13 Yet, these nanoparticles can hardly be utilized as building blocks for generating self-assembled nanostructures by templating liquid-crystalline mesophases due to their poor dispersibility in required solvents, e.g. alcohols. Bein et al. reported on Nb:TiO 2 nanoparticles and mesoporous lms from preformed nanoparticles; however, this study shows that an alteration in the mesoporosity is induced for different Nb contents, thus aggravating the distinction of the respective impact of mesoporosity and Nb doping.
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One task of the present study is to develop a tailor-made preparation approach of Nb:TiO 2 nanoparticles possessing designed Nb contents. In order to correlate the electrochemical properties (pseudocapacitive storage mechanism) with the composition as well as the conductivity, the requirement was the preparation of Nb:TiO 2 lms with different compositions, yet with similar mesoporous morphologies and crystallite sizes. By such a procedure, the relationship between conductivity and surface charge storage can be addressed.
Here, an optimized solvothermal protocol was developed to prepare colloidal Nb:TiO 2 nanoparticles with an average diameter of 7 nm based on our previously described synthetic route.
11 A microwave reactor was used because this technique allows both rapid and uniform heating. 30, 31 The procedure applied in the present study allows for a completion of the reaction within 6 minutes. The asprepared nanoparticles possess high crystallinity and good dispersibility in polar solvents (e.g. 10 wt% in water or 5 wt% in ethanol) without further post-functionalization. Several state-of-the-art techniques including XRD, XPS and spectroscopic methods were used to investigate the phase composition as well as the electronic properties of these Nb:TiO 2 nanoparticles. Ordered mesoporous lms were prepared by an evaporation-induced self-assembly process, using the diblock copolymer poly(iso-butylene)-block-poly-(ethylene oxide) (PIB 45 -b-PEO 50 ) as the structure-directing agent and crystalline Nb:TiO 2 nanoparticles. The benecial templating properties of this class of block copolymers were reported previously.
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The electrochemical performance and pseudocapacitive effect of such lms were studied by galvanostatic proles, cyclic voltammetry and impedance analysis.
Experimental
Materials Titanium(IV) chloride (99.0%), titanium(IV) ethoxide (97%), niobium(V) ethoxide (99.95%), 2-methoxyethanol (99.8%), lithium perchlorate (99.9%), lithium ribbon (99.9%) and anhydrous propylene carbonate (99.7%) were purchased from Sigma Aldrich. 1-Hexanol, tert-amyl alcohol were purchased from abcr GmbH, while ethanol, n-pentane and diethyl ether were purchased from VWR. Indium tin oxide (ITO) coated glass slides and optical glasses were purchased from Glaswerke Haller GmbH and VWR, respectively. The copolymer PIB 50 -b-PEO 45 was obtained from BASF.
Synthesis of Nb:TiO 2 nanoparticles
In a representative synthesis, 0.25 mL of TiCl 4 , 0.5 mL of Ti(OEt) 4 and the corresponding amount of Nb(OEt) 5 were added to a 30 mL glass vial and then subjected to microwave irradiation with the temperature of 75 C and the time of 1 min. Followed by the addition of 12 mL of 1-hexanol into the above precursor solution, the mixture solution was treated at 110 C for 1 min. Aerwards 8 mL of tert-amyl alcohol were introduced to the mixture solution, followed by rapid heating to 140 C and holding for 5 min. In order to obtain similar crystallite sizes, the reaction time for the doped products was 6 min. Aer quenching to 55 C, the nanoparticles were precipitated from the primitive solution by adding n-pentane and then washed with diethyl ether three times. The obtained nanoparticles were dried at room temperature for 12 hours. In order to remove the organic residue, the as-made nanoparticles were subjected to 400 C for one hour.
Preparation of Nb:TiO 2 lms
In typical dip-coating experiments, 60 mg of the as-made nanoparticles and 40 mg of PIB 50 -b-PEO 45 were dissolved in 1.5 mL of ethanol and 0.5 mL of 2-methoxyethanol, respectively. Then the polymer solution was added into the nanoparticle dispersion drop by drop. Aer stirring for half an hour, the transparent dip-coating solution was obtained. Thin lms were prepared by dip-coating on different substrates (silicon wafers, ITO glass, and optical glass) at a relative humidity of 80% and a withdrawing rate of 10 mm s À1 . The lm was stabilized for 5-10 min in the dip-coating chamber and then transferred into the oven preheated at 120 C. Aer one hour the temperature was increased up to 300 C at a ramp of 1 C min À1 and was then maintained for 6 hours. The polymers could be removed by heat-treatment to 400 C (a ramp of 10 C min À1 ).
Characterization methods
The microwave-assisted reaction was carried out on a Monowave 300 microwave reactor from Anton Paar Germany. Dynamic light scattering (DLS) data were collected in 1 wt% dispersions in water on a Zetasizer Nano from Malvern. Thermal gravimetric analysis (TGA) data were obtained with a Netzsch STA 409 PC. Bright-eld transmission electron microscopy (TEM) images were acquired using a CM30-ST microscope from Philips. Wide-angle X-ray diffraction (WAXD) measurements were carried out using an X'Pert PRO diffractometer from PANalytical instruments. Rietveld renement was performed with the FullProf soware using the 6 coefficient polynomial background and Thompson-Cox-pseudo-Voigt peak function. The grain size was calculated via an anisotropic Lorentzian size broadening approach. Unpolarized Raman spectra were collected on the SENTERRA dispersive Raman spectrometer from Bruker Optics equipped with an objective from Olympus (MPlan N 100Â; eld number 22 and a numerical aperture of 0.9) and a Nd:YAG laser (l ¼ 532 nm and P ¼ 2 mW). X-ray photoelectron spectroscopy (XPS) spectra were acquired on a PHI VersaProbe Scanning ESCA Microprobe (Physical Electronics) with a monochromatic Al K a X-ray source. The C 1s signal from adventitious hydrocarbon at 284.8 eV was used as the energy reference to calibrate charging effects. Nitrogen physisorption measurements were conducted at 77 K on an Autosorb-6-MP automated gas adsorption station from Quantachrome Instruments. Optical absorption measurements were carried out on a Perkin-Elmer Lambda 750 UV-Vis-NIR spectrophotometer equipped with a Praying-Mantis diffuse reec-tance attachment. Spectralon type DRP-SPR from Harrick Scientic Products was used as a reectance standard. The collected diffuse reectance spectra were converted into absorption spectra according to the Kubelka-Munk function
where F(R) is the Kubelka-Munk function
and R is the diffuse reectance of the sample for "innite" thickness relative to the reectivity of the white standard. Scanning electron microscopy (SEM) micrographs were taken with a MERLIN instrument from Carl Zeiss. For SIMS depth proling a ToF-SIMS 5-100 instrument (IonTof GmbH, Münster, Germany) was used. The primary ion gun was operated in highcurrent-bunched mode, with 25 keV Bi + ions as primary ion species. Sputtering was done with 1 keV O 2+ ions. The analysis area was 100 Â 100 mm 2 in the center of a 220 Â 220 mm 2 sputter area. For charge compensation a low energy electron ood gun was used and the analysis was performed in noninterlaced mode with a 1.5 s pause time. For depth calibration the sputter crater depths were measured using a proler (Alpha step IQ, KLA-tencor). The obtained mass resolution was m/Dm > 9100 for Nb + .
Conductivity measurements
The conductivity measurements were carried out on mesoporous thin lms (a thickness of approximately 200 nm) on glass substrates by potentiostatic impedance spectroscopy. As current collectors two parallel indium layers were used with a thickness of 200 nm and an area of 5 Â 5 mm. The distance of the two parallel electrodes was 1 mm. The schematic of the setup is shown in Fig. S7 . † The impedance spectra were recorded on the SP-300 potentiostat from BioLogic in the frequency range from 7 MHz to 0.01 Hz. The voltage amplitude was 60 mV.
Electrochemical measurements
The electrochemical measurements were conducted in a glovebox with p O 2 # 0.5 ppm and p H 2 O # 0.5 ppm, with lithium foil and wire as the counter electrode and reference electrode, and mesoporous Nb:TiO 2 lms on ITO substrates as the working electrode. 1 mol L À1 LiClO 4 in propylene carbonate solution was used as the electrolyte. The potential was controlled by using an Autolab Potentiostat with 1.4 and 2.5 V as the cut-off potentials for the cyclic voltammetry (CV) and galvanostatic discharge/ charge proles, respectively. The scanning rates for CVs were adjusted to 0.2, 0.5, 1, 2 and 5 mV s À1 .
Results and discussion
Nb:TiO 2 nanoparticles were prepared by a microwave-assisted solvothermal route. Compared with the method introduced by Bein et al., 29 tert-amyl alcohol was used as the solvent and the primary alcohol 1-hexanol was used to control the condensation reactions and improve the dispersibility. Furthermore, the combination of these two alcohols was developed in order to control the particle size: when using 1-hexanol as a co-solvent, the ethoxy groups in TiCl 2 (OEt) 2 are replaced by hexyloxy groups due to the ligand exchange at elevated temperatures. 36 As a consequence, the introduced hexyloxy moiety slows down the reaction rate of the condensing Ti-Cl and Ti-OR groups which produces larger nanoparticles. In the nal products, the residual primary alkoxy groups help to redisperse the nanoparticles in alcohols, which in turn facilitates the block-copolymer templating. Thus, the usage of 1-hexanol exerts a major impact on the sol-gel mechanism and thus represents a crucial advance in the synthesis of such nanoparticles in general.
The as-prepared nanoparticles have good dispersibility in water ($10 wt%) and ethanol (up to 5 wt%). Representative photographs of dispersions with a concentration of 10 wt% are shown in Fig. 2 . The DLS measurements show the average (hydrodynamic) particle sizes of 5.6, 6.5 and 7.5 nm for 2 at%, 5 at% and 10 at% Nb:TiO 2 , respectively. The nanoparticles are positively charged with the zeta potentials being +(40 AE 20) mV. The obtained hydrodynamic diameters are comparable with the crystallite sizes determined from XRD measurements on the asprepared nanoparticles (see Fig. S1 †) , implying the absence of aggregation in water. The reason for good dispersibility will be elaborated later. The thermogravimetric analysis with recording mass spectrometry (TGA-MS) of the as-prepared particles (shown in Fig. S1 †) indicates that organic residues take up to 8 wt% and can be removed by a heat-treatment in air by 400 C.
The following characterization was carried out on nanoparticles annealed at 400 C for one hour.
Nb:TiO 2 nanoparticles were investigated by transmission electron microscopy (TEM) and the results are shown in Fig. 2 . Based on TEM images, the nanoparticles present a spherical shape, and the average particle sizes for 2 at%, 5 at% and 10 at% Nb:TiO 2 are 8.0 AE 0.5 nm, 7.5 AE 0.5 nm and 6.0 AE 0.5 nm, respectively. With increasing doping levels, the particle size thus decreases by ca. 2 nm. Lattice planes can be clearly observed in TEM analysis, which conrms the high crystallinity. The electron diffraction patterns (Fig. S2 †) can be assigned to the (101), (004), (200), (105) or (211) and (204) properties, as this parameter can be ruled out as causing possible effects on the electrochemical performance. Raman spectra of Nb:TiO 2 samples are shown in Fig. 3d . The Raman bands at 146, 197, 394, 516 and 641 cm À1 are in good agreement with the characteristic vibration modes of anatase (E g , E 1g , B 1g , A 1g and B 1g , and E g ) according to the literature.
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No vibration bands from other TiO 2 phases are observed, indicating phase-pure materials. With increasing the Nb-doping level, the rst E g band shis to higher energy, while the B 1g band shis to lower wavenumbers. These changes are caused by the non-stoichiometry (vacancies of Ti 4+ aer Nb 5+ doping) and the formation of Nb-O-Ti bonds. 27, 41 In the Raman spectroscopy of 10 at% Nb:TiO 2 , the broad, weak scattering band marked by an asterisk at $850 cm À1 is attributed to the vibration mode of the terminal Nb]O bond, corresponding to the network termination in NbO x . 27, 37, 42 In conclusion, both the XRD data and Raman spectra prove the successful and homogeneous incorporation of Nb into the anatase lattice.
To gain more insight into the (surface) composition and chemical oxidation state of the Nb:TiO 2 nanoparticles, XPS measurements were carried out and the results are shown in Fig. 4 and S4 . † From the survey spectra of Nb:TiO 2 (Fig. S4 †) , only Ti, Nb, O, C and Cl signals are found. The latter can be comprehended as a residual ligand, which remains in very small quantities on the particle surface. The Cl ligands hydrolyze rapidly in water leading to positively charged particles with positive zeta potentials. This fact helps to explain why the nanoparticles have good dispersibility in water-containing organic solvents. The Nb contents for Nb:TiO 2 nanoparticles with nominal doping levels of 2 at%, 5 at% and 10 at%, obtained by XPS analysis, are 2.3 at%, 4.9 at% and 9.7 at%, respectively. Within the accuracy of the detection limit, the Nb content found in the products is virtually identical to the used precursor ratio, conrming that the synthesis protocol was successful.
High-resolution XPS scans of the Ti 2p and Nb 3d core levels are shown in Fig. 4 . The Ti 2p spectrum of 2 at% Nb:TiO 2 exhibits an asymmetric doublet peak resulting from spin-orbit splitting with a binding energy of 458.8 eV for 2p 3/2 and a splitting energy of 5.7 eV, in line with reported ndings from previous studies. 23 The binding energy for 2p 3 
Based on the XPS data, it can be concluded that at lower Nb 5+ concentrations the charge compensation is likely compensated by the generation of Ti vacancies, while free electrons are possibly created at higher Nb contents. Moreover, all the Nb 3d spectra show symmetric spin-orbit doublets with Nb 3d 5/2 binding energies of approximately 207.4 eV and splitting energies of 2.8 eV, indicating that niobium is only present in the +5 state. [45] [46] [47] Lastly, the C 1s core level spectra can be deconvoluted into three peaks (see Fig. S4 †) with binding energies of 284.8 eV, 286.2 eV and 288.9 eV, attributable to C-H/C-C, C-O and O-C] O species, 35 respectively, in accordance with the results by TGA-MS, as depicted in Fig. S1 . † . Black, red, blue and magenta curves represent undoped, 2 at%, 5 at% and 10 at% Nb:TiO 2 , respectively. Apart from the chemical composition, the optical properties were also investigated by UV-Vis-NIR absorbance spectroscopy and the results are shown in Fig. S3 . † As seen, there is no signicant absorption in the visible and near infrared region, indicating that all samples are practically transparent in this frequency range. The optical band gap (E g ) was obtained by the plot of (F(R) Â hn) n vs. hn (photon energy), in which n ¼ 1/2 and n ¼ 2 represents an indirect or direct allowed optical transition, respectively. The analysis indicates indirect band gaps of (3.16 AE 0.01) eV for all samples, which demonstrate that Nb-doping has no signicant impact on the band gap, as also reported in previous studies.
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Mesoporous Nb:TiO 2 lms
In order to obtain reliable information on the metal ion distribution in the mesoporous Nb:TiO 2 thin lms, a depth prole analysis by time-of-ight secondary ion mass spectrometry (ToF-SIMS) was performed on a $150 nm thick PIB 45 -b-PEO 50 -templated Nb:TiO 2 thin lm (10 at% Nb) heated to 400 C. The advantage of using SIMS is its excellent sensitivity to niobium, which allows us to investigate its spatial distribution within the thin lm structure. The ToF-SIMS prole in Fig. 5 to a small enrichment of Nb within this region, which is induced by a change in the ionization potential. Moreover, it can be inferred that the organic ligands (e.g., hexyloxy and ethoxy groups) are completely combusted at 400 C from the 12 C signal, in accordance with the ndings by TGA-MS (Fig. S1 †) . To conclude, the ToF-SIMS data indicate no major uctuations in the chemical composition and qualitatively agree with both the XPS and TG-MS results. The mesoporous morphology of Nb:TiO 2 thin lms made by polymer templating using the diblock copolymer PIB 45 -b-PEO 50 is shown in Fig. 6 and S5. † SEM reveals that the mesoporous lms of the templated nanoparticles exhibit a uniform mesostructure with spherical pores and short-and long-range ordering, being in agreement with previous studies using this type of block copolymer. [34] [35] [36] The pore diameter possesses a narrow distribution of 15 to 18 nm, as determined by analysis of ca. 100 mesopores. The wall thickness is located in the range of 6 to 8 nm, thus corresponding well to the average size of the Nb:TiO 2 nanoparticles, indicating the successful co-assembly of nanoparticles and micelles. As explained above the nanoparticles are positively charged, thereby exhibiting an attractive interaction with the polar PEO chains of the PIB 45 -b-PEO 50 block copolymer. This attraction probably facilitates the formation of such an ordered mesostructure. From crosssectional SEM images, a continuously connected porous network can be observed spanning the lms from the bottom to the top. It is seen that the thickness of the lms is around 150-200 nm, which can be tuned by the withdrawal speed. The shape of mesopores in the view of the cross-sectional direction is ellipsoidal due to distortions and stress during solvent evaporation and heat-treatment. From the cross-sectional images, the mesopores are found to be 6 to 10 nm in height and 14 to 18 nm in length.
In addition to SEM analysis, the mesoporosity of these lms was analyzed in detail via N 2 physisorption at 77 K. The adsorption/desorption isotherm in Fig. 7 exhibits a typical type-IV shape and a H1-type hysteresis, indicating spherical or cylindrical pores. 50 However, the adsorption and desorption branches fall on top of each other at a small partial pressure (p/p 0 ca. 0.1). Such a phenomenon is typical for small amounts of the material, but inevitable in the light of the small amount of the material constituting a lm. Here the N 2 physisorption measurement was carried out on a mesoporous lm with an area of 42 cm 2 and a thickness of 600 AE 50 nm (in volume:
2.52 Â 10 À3 cm 3 ). A hybrid nonlocal density functional theory (NLDFT) model was applied to the adsorption branch based on spherical/cylindrical pores for the calculation of the pore size distribution. 51, 52 This analysis provides an average pore diameter of ca. 10 nm, which is in agreement with the SEM results. The wide pore size distribution is caused by the distortion of the pore shapes, while the NLDFT model assumes a uniform shape. The absolute adsorbed pore volume on such a lm is 1.4 Â 10 À3 cm 3 and the calculated porosity is around 55%. According to the density of TiO 2 (3.89 g cm À3 ), the estimated mass of TiO 2 on the lm is around 4.4 AE 0.4 mg and the specic mass is 1.75 g cm À3 , which is used to estimate the mass for determining the specic capacity. The BET surface area for such a lm is around 0.734 m 2 . The specic surface area is 291 m 2 cm À3 and this value is used to estimate the real surface area of the electrodes applied in electrochemical measurements. The total conductivity of the mesoporous Nb:TiO 2 lms has been investigated by two-electrode impedance spectra. Two parallel electrodes were used to measure the in-plane conductivity of mesoporous lms on an insulating substrate (here glass was the substrate). 53 The results are shown in Fig. 7 and present one semicircle corresponding to the overall resistance. The calculated conductivities are 1 Â 10 À5 , 7.8 Â 10 À5 , 9.8 Â 10
À5
and 7.9 Â 10 À5 S cm À1 for TiO 2 , 2 at%, 5 at% and 10 at% Nb:TiO 2 , respectively, i.e. doping with Nb increases the electrical conductivity by almost a factor of 10. As discussed by Furubayashi et al. the Nb doping of TiO 2 thin lms results in the formation of an impurity band near the bottom of the conduction band even at low doping concentrations (x < 1%) and thus in a dominant electronic conductivity. 23 With increasing Nb content an increase of the electronic carrier concentration was reported, however, at higher doping levels (x > 6%) the ionization efficiency decreased again accompanied by a decrease of the mobility resulting in a maximum conductivity value at a doping level of about 6%. 23 In nanocrystalline TiO 2 , additional extended band states below the conduction band minimum arise, where hopping of the electrons occurs.
54,55 However, as for thin lms Nb doping shis the Fermi-energy closer to the conduction band edge improving the electronic conductivity. 42, 54 The same behavior is observed for our Nb:TiO 2 mesoporous thin lms where a maximum in electrical conductivity is found at a doping level of about 5 at%. At higher doping levels the mesoporous Nb:TiO 2 thin lms also seem to exhibit a reduction of the ionization efficiency due to trapping of electrons at Ti 4+ as indicated by the XPS results, which hint for a small Ti 3+ content for the 5 at% Nb:TiO 2 and 10 at% Nb:TiO 2 samples.
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In general, it is important to take into account the role of the processing on the electrochemical properties of Nb:TiO 2 lms. The conductivities of our Nb:TiO 2 mesoporous lms are comparable to values reported for nanostructured lms, 29 but lower than for lms with similar Nb content prepared by pulsed laser deposition (PLD) or chemical vapor deposition (CVD).
25,44
It is worth noting that the conductivities were calculated from the measured resistance assuming a dense thin lm, i.e. the conductivities are underestimated as the mesoporous structure of our thin lms was neglected. Thus, the values obtained can be considered only as a lower limit of the material's conductivity. Nevertheless, also the high density of grain boundaries between the single nanocrystallites may be responsible for a lower conductivity compared to that of the dense thin lms prepared by PLD or CVD. Furthermore, as mentioned in the XPS part, the compensation mechanism may change depending on the oxygen partial pressure during the preparation or processing, which also affects the conductivity.
Pseudocapacitive behavior of mesoporous Nb:TiO 2 lms
The galvanostatic charge/discharge proles and rate capacities of mesoporous 5 at% Nb:TiO 2 lms are shown in Fig. 8 . The rst cycle shows poor coulombic efficiency, which could be due to SEI formation and trapping of Li + in irreversible sites. 5 The specic capacity and coulombic efficiency become stable aer ve cycles. The discharge and charge plateaus aer ve cycles are 1.77 and 1.90 V, respectively, which are in good agreement with Li + intercalation and extraction into anatase TiO 2 . The plateau corresponds to a two-phase equilibrium process between a lithium-poor phase of Li 0.05 TiO 2 and a lithium-rich phase of Li 0.5 TiO 2 , contributing a specic capacity of around 90 mA h g À1 . A gradient curve is followed by the plateau, which is normally assigned to the interfacial charge storage. Although it is hard to accurately evaluate the pseudocapacitive contribution by the gradient curve, it can be estimated to take up 47% of the specic capacity. The mesoporous thin lm presents a reasonable rate performance as well. At a discharge and charge rate of 20C, the specic capacity is around 120 mA h g À1 , exceeding the results reported in the literature. 4 This result can possibly be caused by the improved dynamics for both electron transfer in doped-TiO 2 nanoparticles and Li + ion transport in connected mesopores.
3
Scanning rate dependent cyclic voltammetry (CV) was recognized as the most efficient and widely used method to quantify the pseudocapacitive charge storage. The basic principle is based on the procedure of dividing the total stored charges into two parts (as shown in Fig. 1 ), namely one part resulting from a bulk reaction, which is a diffusion controlled intercalation reaction; the other part is assumed to be caused by surface reactions, which can be attributed to electrochemical double layer and redox reactions at the interface (hereaer the capacitance from the electrochemical double layer is neglected).
The relationship between the current density and the scanning rate in CV can be described by
and log j ¼ b log n + log a
The current density of the insertion reaction is proportional to the square root of the scanning rates (b ¼ 0.5), while the current density of the capacitive contribution is proportional to the scanning rates (b ¼ 1). The equation can be further written as:
Dividing by n 1/2 gives
where j V is the current density at a certain potential of V and n is the scanning rate. Therefore, the plotting current density is divided by n 1/2 for each potential V against n 1/2 , the contribution from the aforementioned two effects can be quantied by the analysis of the relationship between the current and the scanning rate in the isolated potential rate dependent cycling voltammetry. Although this method has been widely used in the analysis of pseudocapacitive effects in many metal oxides and metal dichalcogenides, 10, [19] [20] [21] 56, 57 it was shown recently that the value obtained from isolated potential CV analysis could be physically meaningless in the case of large potential ranges.
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This could be attributed to the scan-rate dependent changes of the redox peak potential and width. In order to eliminate the effects from the shi of potentials due to the irreversible reaction, the peak currents were selected to analyze the pseudocapacitive contribution in many studies. [58] [59] [60] The current density in eqn (3)- (6) is replaced by the peak current density j peak for the respective potentials. The coefficients k C and k F can be described according to the capacitive law and the RandlesSevcik equation, respectively:
The cyclic voltammetric (CV) data of mesoporous 5% Nb:TiO 2 are shown in Fig. 9 as a function of the scanning rate, while CV data for the other samples are included in Fig. S6 . † The CV curves present a superposition of obvious redox signals and a capacitive contribution. 57 The current maxima shi to higher potentials for the anodic signal and to lower potentials for the cathodic signal with increasing scanning rates, implying an irreversible electrochemical reaction system. A linear relationship between log(j peak ) and log(n) is observed for the mesoporous Nb:TiO 2 lms (Fig. 9b) , and the slopes (parameter b) for TiO 2 , 2 at%, 5 at% and 10 at% Nb:TiO 2 are 0.63, 0.71, 0.72 and 0.70, respectively. Furthermore, a linear relationship between j peak /n 1/2 and n 1/2 is observed for all lms (Fig. 9c) , allowing for a quantication of the pseudocapacitive current according to eqn (6) based on peak currents. The pseudocapacitive contribution will increase with increasing scan rates according to eqn (5) and (6), as shown by the data in Fig. S6 . † The analysis provides the relative pseudocapacitive contributions from the cathodic process at a scanning rate of 1 mV s
À1
, which are 25%, 40%, 44% and 37% for TiO 2 , 2 at%, 5 at% and 10 at% Nb:TiO 2 , respectively. The pseudocapacitive contributions can be extracted analogously from the anodic signals and are quite similar to the ones determined from the cathodic signals (Table 1 and Table S4 † The calculation is based on the real surface area of the electrodes and the information on these electrodes is shown in Table S5 . † Interestingly, the conductivity and pseudocapacitive contribution show an analogous dependence on the Nb content (Fig. 9d) , suggesting that there is a strong correlation between them and the doping, while the chemical diffusion coefficient somehow shows opposite behavior. The decrease of D Li at a doping level of 2 at% where the pseudocapacitive contribution shows a maximum is followed by an increase of D Li with further increasing doping concentration accompanied by a slightly decreasing pseudocapacity.
Typically, analogous behavior between the storage capacity and the chemical diffusion coefficient is reported in the literature, showing that a high lithium diffusivity with a balanced electronic and ionic conductivity is benecial for Li storage within the particles (bulk intercalation).
3,62 However, at high C rates (>1C) interfacial storage is more dominant, 9 thus the strong correlation between the electronic conductivity and the pseudocapacitive contribution may be attributed to the formation of a space charge layer at the surface of the mesoporous Nb:TiO 2 samples. The space charge layer arises from surface states with a different Fermi level than that for the bulk material. 63, 64 This difference is balanced by a charge transfer resulting in an electric potential difference at the surface, band bending and the formation of a space charge region. For TiO 2 in contact with a Li electrolyte the formation of the space charge region leads to a depletion of electronic charge carriers at the surface and to an accumulation (interfacial storage) of Li + ions due to the electric potential difference between the surface and the bulk. 65 As the width of the space charge layer strongly depends on the carrier concentration, changes in the carrier concentration will also affect the Li storage properties at the surface. For undoped TiO 2 nanoparticles with diameters less than 10 nm the width of the space charge layer is larger than the particles themselves resulting in a negligible potential difference between the surface and the bulk. 63, 66 Due to the small potential difference only a low Li + concentration accumulates at the surface as schematically shown in Fig. 10a and thus, a comparably small pseudocapacitive contribution is observed. With increasing Nb doping, the width of the space charge layer reduces, which leads to a larger surface potential in the nanosized particles as schematically shown in Fig. 10b . As a consequence, a higher Li + concentration can accumulate at the surface and the pseudocapacitive contribution increases at low doping between 2 and 5 at%. As the Li + concentration is only increased in the space charge layer the pseudocapacitive contribution decreases again at higher electron concentrations in the particles (10 at%) due to a further decrease of the width of the space charge layer (Fig. 10c ).
Conclusions
Nb-doped TiO 2 nanoparticles as building blocks were successfully prepared in a novel two-step solvothermal process using tert-amyl alcohol as the reactant and 1-hexanol as the cosolvent. The nanoparticles possess similar crystallite sizes and quite high dispersibility in polar solvents (10 wt% in water and 5 wt% in ethanol). Raman spectroscopy, XRD and XPS analysis suggest that the Nb 5+ ions were introduced into the anatase lattice substituting Ti 4+ ions, thus increasing the unit cell lattice constant and generating Ti 4+ vacancies. Beyond the Nb content of 5 at%, partial Ti 4+ ions become reduced to Ti 3+ . Mesoporous lms with a uniform pore morphology were prepared by dip coating under the assistance of copolymer PIB 45 -b-PEO 50 . Conductivity measurements revealed that mesoporous lms prepared from 5 at% Nb-doped TiO 2 nanoparticles show the highest conductivity. The pseudocapacitive effect of mesoporous Nb-doped TiO 2 lms was analyzed by the peak current from cyclic voltammetry and the results indicated that the pseudocapacitive contribution to the overall charge storage correlates with the conductivity. This correlation between the conductivity and the interfacial charge storage can be explained qualitatively by considering the changes in the space charge layer at the nanoparticle surface with varying carrier concentration, which in turn depends on the doping concentration. Therefore, our study provides evidence that beyond the crystallite size and special crystallographic features [17] [18] [19] [20] a further decisive and adjust parameter needs to be taken into account and is available for designing materials with pseudocapacitive charge storage at interfaces.
Still, in spite of these insights other important fundamental aspects of charge storage at/in interfaces of nanostructured 
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Substitutional doping of Nb might affect the electronic properties, e.g. the work function, differently for the different facets of TiO 2 anatase surfaces (e.g. the {101} and {001} facets). 67 A further issue addresses the distribution of Nb within the material. While our SIMS analysis reveals a quite homogeneous spatial distribution of Nb on the scale of ca. 20 nm, the distribution of Nb within the nanoparticles themselves is unknown. A recent study indicated an enrichment of Nb in Nb-doped anatase TiO 2 , as revealed by etching of Nb-doped TiO 2 followed by elemental analysis on the remaining material.
68 Also, the exact value of the Nb concentration is of signicant importance. As described recently by Sahasrabudhe et al., the conductivity of rutile TiO 2 can be enhanced by a factor of 10 6 by Nb incorporation, with the conductivity depending in a highly non-linear way on the Nb content. 69 In the light of these issues, future work might be devoted to the synthesis of Nb-containing TiO 2 nanocrystals with a well-dened facet orientation. Meanwhile, synthetic procedures based on sol-gel chemistry are available to synthesize TiO 2 nanoparticles with variable morphology and facet orientation, as recently reviewed by Darbandi et al.
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More generally, the study of pseudocapacity needs to be focused on tuning the electronic and structural properties of TiO 2 nanoparticles, serving as a case study. Evidently, the surface structure of Nb:TiO 2 before and aer intercalation needs further investigations, which however imposes high demands on the analytical resolution. In conclusion, our study provides experimental evidence that the pseudocapacity in TiO 2 nanocrystals is signicantly dependent on the incorporation with Nb through modifying the band structure, which might encourage further research in understanding and designing interfacial charge storage.
